ABSTRACT A computer-based system for elucidation of molecular structure is described for the branched alkanes, based upon 13C nuclear magnetic resonance data. All possible structures of a given carbon content are exhaustively generated in a DENDRAL-like manner, and scored according to the fit of their predicted spectral characteristics to those of the "unknown" alkane. The technique may be generalized to any class of organic compounds for which 'IC chemical-shift additivity parameters are reliable, and shows promise for stereochemical elucidation.
Among physicochemical techniques that are available for elucidation of the structural nature of organic substances, mass spectrometry occupies a key position due to (1) the enormous amount of information that may be derived empirically from the fragmentation pattern of ionic species of determinable empirical composition; and (2) the minute quantities (nanograms) of sample required. However, attempts to use digital computers to replace human interpretation of mass spectra have enjoyed only limited success thus far because it has not been possible to embody the salient information in axiomatic form in order to produce a "theory of mass spectrometry" (1) . This difficulty has led some workers to approach compound classification through computer "learning machines" wherein the relationship between a mass spectrum and the fragmentation processes which rationalize it are specifically ignored (2) . Although this approach has met with some success, it is not yet a practical technique for classifying or identifying mass spectra. Still other workers have approached the problem through matching unknown mass spectra with large libraries of known mass spectra (3) . While this approach has been extremely successful and is in routine use in a number of different laboratories, it too ignores specific relationships between fragmentation processes and molecular structure (4) .
An exception to this trend has been a most ambitious attempt at automation of molecular structure elucidation by Lederberg, Djerassi, Feigenbaum, and coworkers (5) termed "heuristic DENDRAL" because of the dendritic algorithm used to exhaustively generate isomers and the provision for application of heuristic rules to truncate the number of isomers generated. In this approach, a "preliminary inference maker" program developed through collaboration with experts in mass spectrometry and nuclear magnetic resonance (NMR) is applied to the unknown compound's mass spectral and 'H NMR data to develop lists of substructures definitely present or absent from the compound. Subject to these constraints all possible stable structures of the unknown's elemental composition are generated, and each ranked according to the fit of its "predicted" mass spectral and NMR data to the real data. While heuristic DENDRAL has relied primarily on mass spectral and 'H NMR data, we here propose that "IC NMR data are more ideally suited to a DENDRALlike automated structural elucidation system.
It is well known that the ratio of "IC NMR shift range to typical linewidth for small to medium-sized (molecular weight <1000) organic molecules is many-fold larger than in the 1H NMR case. Simultaneous 'H-decoupling techniques can both vastly simplify the spectrum to yield single resonance positions for each carbon nucleus, and also determine the number of bound protons per carbon. But coupled with this wealth of easily obtainable data from "IC NMR are the growing lists of organic compound classes (6) (7) (8) for which "IC NMR chemical shifts 5, can be predicted by simple substituent additivity parameters typically of the form 5, = B + EAjnii, where B is a constant corresponding to the shielding in the parent compound of the class, Aj is an additivity parameter for substituents at position j relative to position i, and nij is the number of such substituents. Thus, the "IC NMR technique seems ideally suited to systematic computer analysis in a DENDRAL-like fashion, since it approximates mass spectral data in the amount of data provided, but is more susceptible to simple numerical relationships between molecular structure and spectral data.
To illustrate, we have used the branched alkanes, for which Lindeman and Adams (8) have used least squares regression analysis of alkanes to C9 in size to arrive at an optimum parameter set. This parameter set allows the complete "IC NMR spectrum of a prospective molecular structure to be predicted and scored relative to the spectrum of the unknown one is attempting to identify.
Of indispensable assistance in such an identification program is the limitation of candidates scored to those which contain the same number of carbon "multiplicities" (primary, secondary, tertiary, or quaternary carbon sites) as that of the unknown. These are easily observable by off-resonance proton decoupling techniques (9) . Also necessary are accurate relative intensities without nuclear Overhauser enhancement or errors resulting from different carbon spin-lattice relaxation times (Ti's). These problems are avoided in pulsed Fourier transform "IC spectroscopy by gating the proton decoupling on only during data taking (10) , and waiting between radiofrequency (RF) pulses for times long compared with all Ti's. We have used these techniques with our Varian XL-100-15 NMR spectrometer system to obtain input data for a "13C NMR structural elucidation" program we have written for some branched alkanes up to C20 in size. The program is summarized below and in Fig. 1 .
The input data for the unknown alkane, Cn, consists of n pairs of chemical shifts and multiplicities. The structure generator is based loosely upon DENDRAL, in particular depending upon the DENDRAL linear notation and canons of order. Unlike DENDRAL, however, our implementation is restricted to alkanes and includes no provisions for restricting structure generation to a subset of the possible isomers. The generation algorithm is best described as inductive: isomer k + 1 is obtained by a transformation of isomer k. As a new isomer is generated, its multiplicities are matched with those of the input spectrum, and this structure is saved for spectral prediction or rejected, according to this test. For a typical C2o molecule, about 10,000 of the 366,319 possible branched-alkane isomers pass through this multiplicity ",sieve." Spectra are then predicted for each candidate structure from the parameters of Lindeman and Adams (8) , by representing the structure as a tree and tracing the various branches to determine the necessary coefficients. In order to reasonably score the predicted spectrum of the candidate structure, spectral positions of the same multiplicity are compared with those of the input spectrum on a one-to-one basis. The structure is then given a score which is the root mean square error determined from all the chemical shift errors.
The program described is written in FORTRAN and occupies about 40,000 bytes of core storage. Isomers are generated at a rate of about 500 per sec, and spectra predicted at about 10 per sec. For a typical C20 molecule, approximately 30 min of computer time are required from input of 'IC spectral data to prediction of a structure of lowest root mean square error.
To date, this structural prediction technique has proven flawless for all branched alkanes studied. Some examples are shown in Table I .
Several factors that bear upon the viability of this technique in general came to light during the course of this initial study. The solvent used in this study, deuterochloroform, was different from that used by Lindeman and Adams in generating their parameters. A first-order solvent correction was determined by taking comparable spectra of the same alkanes used in their study, but second-order inconsistencies were then observed which probably related to preferred conformational differences in the two solvents, or magnetic anisotropy or polarizability differences of the solvents.
An independent measure of the molecular weight would be required in the case of mixtures of diastereomers. Otherwise, separate resolvable peaks of the same carbon site in such a mixture would erroneously imply a much larger carbon content per molecule. A similar ambiguity does not arise in symmetric molecules such as 2,6,11,15-tetramethylhexadec- ane, a C20 molecule whose "3C spectrum shows only 10 lines of equal intensity. Where such symmetry is suspected, one can determine the correct number of carbon atoms by applying the principle that for a complete molecule, the sum of the multiplicities must be even, whereas this sum will be odd for "half-molecules."
Since the precision of this elucidation system is entirely dependent on structural additivity parameters, we envision Table 1 . A recently published collection of 500 assigned "IC NMR spectra and structural coding system (12) represents the first step in this direction.
Further improvements can be envisioned in the computer implementation of a "IC NMR system for elucidation of structure. Extending our exhaustive structure generator to heteroatonis, multiple bonds, and cyclic structures is an important and necessary step. Moreover, stereospecificity dependence of "IC chemical shifts (13) makes this technique clearly superior to a system for elucidation of structure involving only mass spectrometry, which is not so sensitive to steric effects. For example. although the Lindeman and Adams parameters do not account for steric effects, they apparently cause large errors in predicted spectra for highly branched alkanes, and also are responsible for magnetic nonequivalence effects clearly observable in their experimental spectra. Therefore, a future structure generator should also be able to represent optical isomerism. Steric inferences (14) may also be made from single and multiple bond 3C-'H and 'IC-'IC scalar coupling constants, if these could be unraveled from proton coupled and decoupled "IC NMR spectra by nuclear-spin simulation and regressive analysis programs (15) . Here it should also be mentioned that quantum mechanical methods are being developed to predict (16) both coupling constants and "IC chemical shifts within organic classes, and might be extended to predict (17) the most stable configurations of stereoisomers; these approaches could eventually be incorporated into a more sophisticated scoring system.
Other computer-oriented NMR methods of structural elucidation which have been developed involve liquid crystal solvents (18) and lanthanide-induced shift reagents (19) . However, these techniques involve additional experimental procedures that are outside the scope of a "IC NMR structural inference system based only on conventional proton coupled and decoupled spectra.
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